The resonance and non-resonance transmission canals of double-barrier resonant tunneling structure are established for the electronphoton system using the exact solution of one-dimensional non-stationary Schrödinger equation expanded into the Fourier range. It is shown that besides the main and satellite, the mixed quasi-stationary states which cause the appearance of specic transmission canals with the properties strongly dependent on the intensity and frequency of electromagnetic eld, exist in the nanostructure.
Introduction
The electronic transport through the resonant tunneling nanostructures with time-periodical potential, generally, and in the electromagnetic eld, particularly, is investigated for a long time both experimentally [19] and theoretically [1018] . The research is caused by the physical phenomena observed in these systems: quantum noise, quantum metastability, negative dierential resistance, electron pumps, photon-assisted tunneling, and so on. Also they have an important applied utilization in modern devices, such as super rapid commutators, quantum cascade lasers, and quantum cascade detectors. The theory of nonlinear electronic transport through the systems with time-dependent potentials was developed within dierent approaches described in detail in reports [25, 26] . The PAT of electrons through the double--barrier and multi-barrier RTS in high frequency electromagnetic eld were studied using the theoretical models which can be divided into two groups.
The rst wide group of papers is based on the model tunneling Hamiltonians [1418, 27, 28] , like the one introduced by Bardeen [29] , written in the representation of second quantization. In the open system the tunneling Hamiltonian cannot be obtained by the consecutive analytic transition from the coordinate representation to the representation of second quantization because the demanded complete set of wave functions is * corresponding author; e-mail: ktf@chnu.edu.ua is time-dependent, usually, the Floquet method [25, 26] is used together with transfer-matrix, S-matrix, classic Green's functions, time-dependent perturbation theory, and so on. The one-dimensional model is used as a rule in order to simplify the analytical and numerical calculations considering that the interaction between electrons and electromagnetic eld is actual inside of the nanostructure only. The interaction is described within the time-dependent potential: U (z) cos ωt. 
netic eld A(r, t) is well known [32] but the problem of nonlinear PAT of electrons through the RTS with the exact accounting of vector potential is complicated enough because it demands to introduce the term: 1
Hamiltonian. However, even the approximated considering of the linear over A z term in the Hamiltonian and one-photon processes gave opportunity to solve the problem of coherent and consecutive tunneling of electrons through the double-barrier RTS correctly [14, 26] and with good correlation to the experiment [2] .
The consistent theory of PAT of electrons through the double-, triple-barrier RTS and periodical structures of the KronigPenney type in the intensive laser elds with the correct considering of vector potential was developed in the series of papers [1921] . Solving the complete Schrödinger equation, the authors used the numerical method dividing z region at many intervals and assumed the eective masses m(z), scalar V (z) and vector A(z, t)
potentials as constant ones. The matching conditions at the interfaces of all intervals are to be satised in order to calculate the probability of tunneling in this approach.
It was performed within the transfer-matrix technique.
However, the authors mentioned that the numerical calculation of transfer-matrix run against the problem of its instability. It was caused by the very small and very big numbers arising while correctly considering the closed canals.
In this paper we develop the theory of nonlinear PAT The wave function of the electron is obtained from the time-dependent one-dimensional Schrödinger equation
This equation has two linearly independent solutions both for the wells (s = 0, 2, 4) and barriers (s = 1,
which describe the forward (ψ + s ) and backward (ψ − s ) waves with the quantum numbers k s = −1 2m s (E − U s ), where E is the electron energy;
The wave function of the electronphoton system Ψ s (E, z, ω, t) in s-th part is the linear superposition of the wave functions (3):
Here Ω = ω is the electromagnetic eld energy; p is the whole number of photons; B ± s,p are the time-independent coecients.
The wave functions ψ ± s (E + pΩ , z, ω, t) are obtained using the expansion of the time-periodical functions (3) into the exact Fourier ranges
with the convenient dimensionless parameters
After the analytical transformations of formulae (4) and (5), in order to obtain the expansion over harmonics numbered by N only, the s-th wave function of the electronphoton system becomes
where
All unknown coecients B 
As far as the electron transports through the main
− s=4,p = 0 because the reected waves at the right side out of double-barrier RTS are absent.
We should note that the number of canals (p) and harmonics (N ) in the electronphoton system is innite.
Thus, the system of Eqs. (9) contains the innite number of equations, respectively B ± s,p coecients. However, from the expression (8) it is clear that the Q ± N,p magnitudes decrease when p and N increases, corresponding to the physical considerations. Therefore, in the specic calculations, the system can be conned by the rather big but nite number of equations, determined by the number of harmonics (N max ) and canals (p max ) providing the demanded exactness.
Thus, the system of Eqs. (9) is the linearly inhomogeneous one. At the nite number of open canals it allows to obtain all B ± s,p coecients expressed throughout B + s=0,p=0 . The latter is xed by the normality condition +∞
for the wave function of the whole system
Considering the vector potential (A z ), the density of current in any moment of time is written as [1921] :
The transmission coecient for the double-barrier RTS is dened as the ratio between the outcoming density of cur-
) and that of the falling one (j
The electromagnetic eld is the periodical one, since it is convenient to study the time-independent transmission coecient (D(E, ω)), averaging the densities of currents (j + 0 and j + 4 ) over the period of time (T ). So, we have
After the analytical calculations we obtain
Here
The partial contributions into the transmission coecient have the evident physical sense: D 0,0 is the term arising due to the current over the main canal (p = 0); D p,p is the term arising due to the current over the p-th canal (p = 0); D p,p is the term arising due to the inter canals (p = p ) transitions of electron without any radiation.
The obtained transmission coecient (15) The analysis of electronphoton spectrum, Fig. 2a , in the plane (Ω , E) proves that it contains the straight (E = E n(p=0) ) and sloping (E = E n(0) + pΩ ) plots together with the anticrossings regions.
The straight plots (E = E n(0) ) correspond to the resonance energies of n-th main quasi-stationary states of electron. They (Ω < Ω n,n ) the resonance energies satisfy the relationship: E n(p) > E n (p ) then, after it (Ω > Ω n,n ) the resonance energies satisfy the reverse one: E n(p) < E n (p ) .
Thus, in the vicinity of anticrossings the resonance energies of higher quasi-stationary states are conveniently denoted: E n(p),n (p ) and lower ones E n (p ),n(p) because (as it is clear from Fig. 2a ) before the anticross- two indexes are used for the region without anticrossing (Γ n(p) ), and four for the region where the anticrossing is present (Γ n(p),n (p ) ). In the vicinity of anticrossings, when Ω tends to the resonance energy (Ω n+1,n ), the resonance widths of lower (Γ n(p),n+1(p−1) ) and higher (Γ n+1(p−1),n(p) ) mixed states become closer, i.e. the rst one increases and the second decreases. When
Herein, the width of anticrossing is xed by the magnitude:
The stronger eld causes the decreases of Γ n(p),n+1(p−1) tending to Γ n(0) and increases of Γ n+1(p−1),n(p) tending to Γ n+1(0) . In Figs. 2a,b those Ω values, at which the satellite canals of n-th main states become closed and the respective resonance widths do not exist any more are marked by triangles (n = 1), rhombs (n = 2) and stars (n = 3).
In Fig. 3 Thus, the transmitting properties of the both satellite canals become better. The both canals shift into the region of bigger energies when the electromagnetic eld becomes stronger (Fig. 3c ) at xed driving potential. Now, we are going to study the properties of transmission coecient of those groups of mixed quasi-stationary states where the peculiar features of the Fano resonances are observed. The magnitudes of eld energies at which these states appear are obtained from the conditions that these eld energies are bigger than the minimal resonance one (Ω 21 ) and the resonance energy of the rst negative (p = −1) satellite of n -th higher state (E n (p =−1) ) is equal to the energy of the rst positive (p = 1) satellite of n-th lower state (E n(p=1) ). Thus, taking into account that E n(p) = E n(0) + pΩ , we obtain In Fig. 4ac and a c Thus, at the superposition of the rst main and second negative harmonics of third quasi-stationary state (Fig. 4a,a ) , D(E) has a shape of the BreitWigner curve with the resonance energies (E 1(0) = 54.9 meV) and resonance widths (Γ 1(0) = 0. If Ω = Ω 31 /2 (Fig. 5c) , the superposition of quasi--stationary states pairs produces one (|1(0) , |3(−2) ) 
